HIS THE FIRST study describing the rapid extracellular synthesis of copper nanoparticles during the bioremediation of copper by living, autoclaved and dried biomass of Yarrowia lipolytica AUMC 9256. The time course growth in the presence of different concentrations of Cu(II) was studied. The minimum inhibitory concentration value of Y.lipolytica AUMC 9256 for Cu(II) was 1900mg/L. The cellular localization of bioaccumulated copper ions was assessed. Maximum uptake capacities were accomplished at pH 6.0, initial metal ion concentration 450mg/L, biomass dosage 1g/L and contact time 180min for live cells, 90min for autoclaved and 30min for dried biomass. Copper nanoparticles were characterized by UVVisible spectrophotometer and transmission electron microscopy. They were all spherical in shape with an average size of 32.85nm (live), 22.34nm (autoclaved) and 15.62nm (dried). The occurrence of extracellular complexation, precipitation, adsorption onto cell wall and sequestration of needle-, rod-shaped precipitates within central large vacuole during Cu(II) uptake by live biomass were found out by transmission electron microscopy. Fourier Transform Infrared spectroscopy confirmed that mannans, phosphorus, P=S stretching, C-S stretching, M-O and ring deformation were more included in Cu(II) uptake by dried biomass. Energy dispersive X-ray microanalysis confirmed the presence of high-intensity characteristic peaks of Cu(II) and a sharp reduction of atomic % of phosphorus and potassium on the cell wall. X-ray powder diffraction patterns of Cu(II)-loaded biomass confirmed their crystalline nature. The removal of copper from ceramic industry wastewater was carried out by dried biomass effectively.
Introduction
Heavy metal pollution has become one of the most serious problems in developing countries as a result of industrialization, which produces large quantities of wastewaters containing heavy metals in natural environments and consequently in food chains (Adams et al., 2015) . Unlike organic contaminants, heavy metals are non-biodegradable and some of them could be transformed from low toxic species into more toxic forms and damage normal physiological activities (Anju, 2017) .
Although copper (Cu(II)) is an essential microelement for all living organisms because it is a key constituent of the respiratory enzyme complex cytochrome oxidase, an accumulation of high concentrations of it can be toxic to a wide variety of organisms, especially microbial populations (Ali et al., 2013 (Buss, 2012) . Cu(II) was chosen for this study with regard to its wide use in industry and potential pollution impact. In the copper-cleaning, copper plating and metal-processing industries, Cu(II) concentrations approach 100-120mg/L; this value is very high in relation to water quality standards (Sağ et al., 1995) and should be reduced to a value of 1.3mg L −1 according to WHO (2004) .
During the last few decades, many research efforts have been involved in heavy metal binding to non-living and living biomass from wastewater streams (Karbassi et al., 2016) . Microorganisms can sustain themselves in a toxic metallic environment, accumulate and transform toxic metals to nontoxic metals in various ways like bioaccumulation, biosorption, and biotransformation (Vijayaraghavan & Balasubramanian, 2015) . Siddiqi & Husen (2016) mentioned that biogenic synthesis of metal nanoparticles (NPs) involves bioreduction of metal salts to elemental metal and biosorption where metal ions in the aqueous medium are
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In fact, Yarrowia lipolytica has been used for bioremediation applications due to its cell wall characteristics and surfactant production (Coelho et al., 2010) . Resting and actively growing cells of two strains of Y. lipolytica were used for mercury bioremoval (Oyetibo et al., 2016) . Biosorption of Cu(II) by live and dead cells of Y. lipolytica was studied by Wierzba (2014) . The inactivation of microbial cells (e.g. wet or dry thermal treatment), modifies the surface characteristics/ groups by masking or removing the groups or exposing more chemical binding sites (Dhankhar & Hooda, 2011) . However, the status of biomass, types of biomaterials, properties of metal solution chemistry and biosorption conditions will all affect the mechanism of metal uptake (Akinkunmi et al., 2016 0 C for 48h, subsequently stored at 4 0 C and subcultured at regular intervals. In order to determine the biosorption potential, the strain was cultured in 500ml Erlenmeyer flasks containing 100ml YPD broth medium on a rotary incubator shaker at 120rpm. Yeast cells were harvested by centrifugation at 6000rpm for 10min at 4 0 C. Thereafter, live, autoclaved and dried biomass was prepared according to Huang et al. (2013) . The dry weight of the biomass was determined for each set.
Preparation of metal solution.
The solution of Cu(II) at a concentration of 2000mg/L was prepared by dissolving appropriate amounts of CuSO 4 .4H 2 O in deionized water. Other metal ion concentrations were achieved by subsequent diluting the solutions with deionized water. All chemicals were of analytical grades.
Copper tolerance test and determination of minimum inhibitory concentration (MIC)
One hundred μl of yeast suspension (1× 10 6 CFU/ml) was inoculated onto YPD plates supplemented with the sterilized CuSO 4 .4H 2 O solution to get the final concentration ranged from 0 to 2000mg/L concentration of Cu(II). After 5 days of incubation, the metal MIC value was evaluated in terms of the first concentration at which no growth of Y. lipolytica was observed.
Effect of different concentrations of Cu(II) on the growth of Yarrowia lipolytica AUMC 9256
Aliquots were harvested from the exponential growth phase and were inoculated in 250 Erlenmeyer flasks containing 50ml yeast nitrogen base (YNB)-glucose broth medium (to avoid possible interaction of metal ions with complex components of the media) supplemented with copper sulphate solution in varying concentrations ranging from 0 to 800mg/L (Paš et al., 2004) . YNB-glucose contained (in g/L): Yeast nitrogen base without amino acids, 6.7 and glucose, 20. Ambient pH was adjusted to 5.5 with 0.1N NaOH and 0.1N HCl. Media inoculated with the yeast strain only (without Cu(II)) and media amended with different concentrations of Cu(II) (without yeast strain) were included as controls. Samples (2ml) were taken every 8h and monitored for turbidity via optical density at 600nm. All the experiments were run in triplicates and the mean values were estimated.
To determine the removal efficiency (R e %), Y. lipolytica AUMC 9256 growth suspension (grown in the YNB-glucose amended with different concentrations of Cu(II), as described earlier) was centrifuged and the supernatant was analyzed for the residual Cu(II) ions by using an atomic absorption spectrophotometer (Model Unicam 969, Centric Laboratory of Agriculture Faculty, Zagazig University). R e % was calculated according to the following equation: R e (%)= C i -C e ∕C i 100× (Shanab et al. 2012) . Egypt. J. Bot. 58, No. 3 (2018) BIOREMEDIATION AND EXTRACELLULAR SYNTHESIS OF COPPER...
where C i and C e are the initial and residual Cu(II) concentrations (mg/L), respectively.
Elemental K(I) and Ca(II) analysis
Analysis of Ca(II) and K(I) contents of the supernatant of metal-free and Cu(II)-loaded pellets sorption solutions was done using atomic absorption spectrophotometer.
Cellular distribution of Cu(II)
The distribution of bioaccumulated Cu(II) was determined according to Huang et al. (2013) .
Batch biosorption experiments
The effect of pH (2-6), initial metal ion concentration (50-500mg/L), biosorbent mass (1-5g/L) and contact time (5min-24h) on the removal of Cu(II) was evaluated. The batch biosorption experiments were performed in 500ml Erlenmeyer flasks with 100ml of metal solution. Different concentrations of Cu(II) were prepared by proper dilution of Cu(II) stock solution. The initial pH of metal solutions was adjusted with 1N NaOH or 0.1N HCl. The required biomass dose (with respect to cell dry weight) was thereafter added and the content of the flask was shaken (120rpm) at 30 0 C. Then, Cu(II) solution was separated from the biomass by filtration. The residual Cu(II) ion concentration in the filtrate was measured by using an atomic absorption spectrophotometer. Sorption contact experiments were carried out in triplicate and the mean values were considered. For all graphical representations, standard error bars were plotted. The biosorption capacity (q eq ) was calculated from the following equations:
where q eq is metal uptake capacity (mg of metal/g of sorbent), C i and C eq are the initial and equilibrium Cu (II) concentration (mg/L), respectively, m is the sorbent mass (g dry cell/L) and V is the volume of aqueous phase.
Characterization of Cu NPs synthesized by Y. lipolytica AUMC 9256
Y. lipolytica AUMC 9256 biomass were suspended separately in 1000ml of 450mg/L concentration of Cu (II) under the optimum conditions. After centrifugation, the supernatants were then passed through 0.22μm filter to make them cell-free (CFS). Cu NPs were characterized by UV-Visible spectroscopy measurements (T80 UV-Vis spectrophotometer, Germany). The size and shape of Cu NPs were determined by transmission electron microscopy (TEM) investigations (a JEOL TEM -1400 electron microscope and optronics AMT CCD camera with 1632 pixel format as side mount configuration). Samples for TEM were prepared by placing a drop of Cu NPs solution onto a carbon-coated copper grid and allowing the drop to dry at room temperature.
Mechanism of Cu(II) uptake TEM investigation
Part of the obtained pellets before and after Cu(II) exposure was subjected to TEM investigation to ascertain the cellular localization of accumulated Cu NPs and understand the uptake mechanism. Transmission and photographing were done using a JEOL-1010 electron microscope (Regional Center of Mycology and Biotechnology, Cairo, Egypt). To distinguish the functional groups involved in the uptake, FTIR of metal-free, live, autoclaved and dried Cu(II)-loaded biomass were recorded over the region 400-4000cm -1 with Perkin-Elmer FTIR 1650 spectrophotometer. The samples were examined in KBr discs. To study the elemental analysis of the biomass, the biosorbents before and after Cu NPs synthesis were analyzed by X-ray microanalyzer (EDX) (Model Oxford 6587 INCA x-sight) attached to JEOL JSM-5500 LV scanning electron microscope. XRD pattern of powder samples of Cu(II)-free (control) and Cu(II)-sorbed live, autoclaved and dried biomass was recorded in a Broker D8 Advanced target Cukα powder diffractometer (λ=1.5418Å) over the range of 0-80(2θ).
Application of dried Y. lipolytica AUMC 9256 biosorbent to environmental samples
The applicability of dried Y. lipolytica AUMC 9256 biosorbent in the adsorptive removal and treatment of water from Cu(II) was examined by a multistage microcolumn technique. Ceramic wastewater was collected from a ceramic factory in Industrial area of Tenth of Ramadan, Sharkia, Egypt. Temperature and pH values were measured. Water samples were filtered through a 0.45μm membrane filter and then analyzed to identify the concentrations of Cu(II). Adsorptive removal of Cu(II) from water sample was performed by passing 1L solution through a glass microcolumn (length = 10cm and internal diameter = 0.5cm) packed with 1g of dried Y. lipolytica biosorbent under constant flow rate (10ml/ min) .
Results

Cu(II) tolerance by Y. lipolytica AUMC 9256
Determination of MIC The yeast strain was found to be tolerant to 1900mg Cu(II)/L. Colonies developed in the presence of ˃200mg Cu(II)/L became much darker than control ones.
Growth pattern of Y. lipolytica AUMC 9256 in the metal-containing media
The growth of the yeast strain was initially increased at 100mg Cu(II)/L of in respect to control followed by a gradual decrease with further increase in Cu(II) concentration ( Figure 2 indicated that at low Cu(II) concentration (100mg/L), the value of R e % was found to be 89.8. A gradual increase in Cu(II) concentration was accompanied by a gradual decline in R e % and reached its minimum value (15.4%) at 750mg Cu(II)/L.
Release of (K) and Ca(II)
Compared to metal-free biomass solution, the Cu(II)-biomass sorption solution showed the presence of substantial amounts of K(I) and Ca(II) ( Table 1) .
Cellular distribution of bioaccumulated Cu(II)
As illustrated in Fig. 3 , with an increase in Cu(II) concentrations from 100mg/L to 750mg/L, EDTA washable fraction (tightly cell surface bounded Cu(II)) was decreased from 35.8 to 12.1% while EDTA non washable fraction (intracellular bounded Cu(II)) was increased from 60.1 to 85.2 %.
Biosorption results
Effect of pH Figure 4 showed that the values of Cu(II) biosorption capacities of the tested biomass were close to each other at low pH (2.0). With an increase in pH, the binding of ions was increased and the highest Cu(II) biosorption capacity was achieved at pH 6. Subsequent biosorption experiments were performed at pH 6. The Cu(II) biosorption capacity of dried cells was higher than that of autoclaved and live ones.
BIOREMEDIATION AND EXTRACELLULAR SYNTHESIS OF COPPER... Figure 5 showed that the uptake capacities of Y. lipolytica AUMC 9256 was increased from 10.2 to 46.5mg/g (live biomass), 14.1 to 77.8mg/g (autoclaved biomass) and 15.4 to 85.3mg/g (dried biomass) with an increase in Cu(II) concentration from 50 to 450mg Cu(II)/L. At 500mg/L concentration of Cu(II), the sites available for binding become fewer as compared with the molecules of the solute present. Subsequent biosorption experiments were carried out at 450mg/L of Cu(II) as initial metal ion concentration.
Effect of initial metal ion concentration of Cu(II)
Effect of biosorbent dose of Y. lipolytica AUMC 9256
At minimum biosorbent dosage (1g/L), the maximum biosorption capacity was attained, which was 50.1mg/g for live biomass, 90.3mg/g for autoclaved biomass and 106.2mg/g for dried biomass (Fig. 6) . With the increase of biomass dosage to 5g/L, the uptake of Cu(II) unanimously decreased to 7.1mg/g, 17.8 and 25.1mg/g for a living, autoclaved and dried biomass, respectively.
Effect of contact time
The effect of contact time on biosorption of Cu(II) by Y. lipolytica AUMC 9256 biomass was studied under optimal conditions (Fig. 7) . Biosorption has occurred rapidly within 5-90min for live biomass, 5-50min for autoclaved biomass and 5-30min for dried biomass. The biosorption processes became slower from 90 to 180min for live biomass, 50 to 90min for autoclaved biomass and 90 to 180min for dried biomass. Equilibrium was reached within 3h (live biomass), 1.5h (autoclaved biomass) and 30min (dried biomass). 
Characterization of Cu NPs synthesized by Y. lipolytica AUMC 9256
The UV-Visible spectra of CFS of biomass after Cu(II) uptake was recorded at ʎ max 672, 368 nm (live ), 368nm (autoclaved) and 670 and 368nm (dried) as shown in Fig. 8(a-c) . The surface plasmon peak at 670 and 384nm indicated the formation of Cu NPs (Cuevas et al., 2015) .
TEM images of Cu NPs (Fig. 9) showed that the mycosynthesized Cu NPs were spherical in shape with sizes 32.85 ± 9.67 nm (live), 22.34±4.5nm (autoclaved) and 15.62±4.0nm (dried).
Mechanism of Cu(II) removal
Transmission electron microscopy (TEM) Ultra-thin sections of unloaded-live cells (control) revealed a distinct and smooth cell wall, plasma membrane, clear cytoplasm with normal nuclear membrane and few electron-dense areas probably representing the genetic material and cytoplasmic deposits (Fig. 10a) . Cu(II)-loaded live cells exhibited dark electron opaque regions adsorbed tightly to the outer layers of the cell wall, within the cell wall layers and the cell interior indicating extracellular and intracellular sequestration of accumulated Cu(II). Plasmolysis with wide irregular periplasm containing many electron-dense granules and undulated plasma membrane were very obvious. Organelles couldn't be recognized (Fig. 10b) . Needle-, rod-shaped precipitates were very clear within the central large vacuole (Fig. 10c) . Some cells become extensively damaged with no cell wall, plasma membrane or cytoplasmic organelles (Fig. 10d) . From TEM micrographs of Cu(II)-loaded autoclaved and dried cells (Fig. 10e , f and h, respectively), it can be found that extracellular precipitation of Cu(II) was the dominant mechanism in Cu(II) uptake. 
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FTIR spectroscopy
The FTIR spectra of metal-unloaded and metalloaded biomass (live, autoclaved and dried) were shown in Fig. 11(a-d) , respectively. There was a marked equal shifting at the wavenumber 3421 and 2925cm
-1 in the case of live and autoclaved biomass (Fig. 11b and c, respectively) indicating the interaction of alcoholic -OH groups and amide -NH stretching vibration of primary amines and asymmetric stretching vibrations of C-H bonds from alkyl group in proteins and carbohydrates, respectively, with Cu(II) uptake. The appearance of new peaks at the wave number 2859cm -1 (live biomass) can be assigned to -CH stretching vibrations of CH 2 -CH 3 . The disappearance of the band at 2362cm -1 (live and autoclaved biomass) verifies the chemical interaction between Cu(II) and P-H phosphine and -NH stretching vibration of protonated amino (NH 2 + , NH + ). The disappearance of peaks at the wave number 2139cm -1 was indicative of alkynyl C=C, C ≡ C stretching vibrations and symmetric P-O-H stretching. The appearance of new shoulders at 1720cm -1 (autoclaved biomass) was due to C=O stretching of amides and carboxylic acids. Again a marked shifting at the wave number 1649cm -1 with a significant increase in the intensity can be attributed to alkene C= C stretching and C=O stretching mode conjugated to NH deformation mode and amide I band. The disappearance of shoulders at the wavenumber 1440 and 1366cm -1 was due to N=O stretching of amides and sulfonyl and sulfonamide groups and amide II, respectively. AbdelRahim et al. (2017) mentioned that changes in wavenumber 1426 and 1684cm -1 affirmed the presence of capping protein that covered the synthesized nanoparticles. The appearance of the new shoulder at 1388cm -1 (autoclaved biomass) can be assigned to the symmetric C-H deformation and -CH 3 of alkane in Cu(II) biosorption. A shift of bands at 1543cm -1 with a significant increase in the intensity verifies the chemical interaction between Cu(II) and amide II: N-H and C-N vibrations of the peptide bond in different protein conformations. An equal shift at band 1404cm -1 can be assigned to -OH bending in carboxylic acids and C-N stretching of amide II band. The absence of the band at 1254cm -1 was indicative of PO 2 in DNA, RNA and phospholipids and -SO 3 groups. The appearance of a shoulder at the wave number 1277cm -1 (live biomass) was due to C-O stretching of carboxylic acids. A shift at bands 1074cm -1 in living and dried loaded biomass can be attributed to ß(1→3) glucan (The major structural component of the yeast cell wall; 28.8% w/w), S=O and C-N stretching vibrations of amino groups. Either the absence of peaks at 887cm -1 (live and autoclaved biomass) or marked shift (∆ 21cm -1 ) and appearance of new peaks at 802cm -1 (dried biomass) can be assigned to mannans, phosphorus and P=S stretching of phosphorus compounds. The very significant shift at the wave number 605cm -1 and appearance of the new intense peak at 595cm -1 (dried biomass) can be accountable for C-S stretching, M (metal)-O, O-M-O, ring deformation and phosphate functional groups. Electrostatic attraction to phosphate and carboxyl groups (of glucuronic acid) and amine groups of the chitosan and complexation with N or O donors (e.g. of chitin) may occur (Naja et al., 2005) . The rate of C-S stretching of sulfur compounds can be observed again in the appearance of new intense peaks (autoclaved biomass) at 419 and 441cm -1
. It can be observed that OH bending of carboxylic acids, C-N stretching of amide II band are involved equally in Cu(II) uptake by three biomass. Mannans, phosphorus, P=S stretching, C-S stretching, M-O and ring deformation were more included in Cu(II) uptake by dried biomass.
Energy dispersive X-ray microanalysis (EDX)
The EDX spectrum of the metal-free biomass (Fig. 12a ) exhibited distinct peaks of phosphorus, sulfur, potassium, and zinc, with element 34.83%, 18.70, 40.69 and 5.67, respectively, indicating the substantial presence of these elements. EDX analysis revealed that the high-intensity characteristic peaks of Cu(II) with element 47.5 % (live biomass, Fig. 12b ), 55.29 (autoclaved biomass, Fig. 12c ) and 59.72 (dried biomass, Fig. 12d ) only exist after Cu(II) uptake. The atomic % of sulfur increased proportionally from 21.13% (control) to 50.95 (live biomass), 53.50% (autoclaved biomass) and 43.43 (dried biomass) with Cu(II) uptake. What is an important to underline is a sharp reduction of atomic % of phosphorus and potassium from 37.24, 35.21% (control) to 11.83, 4.96% (live biomass), 3.45, 0.86% (autoclaved biomass) and 12.26, 1.55% (dried biomass), respectively, following biosorption.
X-ray powder diffraction (XRD) analysis
The yeast strain biomass was subjected to XRD analysis before and after Cu(II) sorption (Fig. 13a-d) . XRD spectrum for unloaded biomass confirmed its amorphous nature (Fig.13a) . Cu(II)-loaded live biomass showed 6 peaks at 2θ: 16.66, 17.59, 18.76, 19.54, 20.63 and 28.80Å and corresponding to d-spacing 5.32, 5.04, 4.73, 4.54, 4.30 and 3.10Å . Based on spacing values these peaks are attributed to the presence of the crystalline copper sulfite (Cu 2 SO 3 ) and Cu 3 (SO 3 ) 2 with average size particles 32.9 nm (Fig. 13b) . Cu(II)-loaded autoclaved biomass showed 6 intense peaks at 2θ: 18.66 , 22.13 , 33.85, 25.05, 27.08 and 32.43Å and corresponding d-spacing value 4.75, 4.01, 3.73, 3.55, 3 .29 and 2.76Å. Based on these spacing values, the peaks are attributed to the presence of crystalline copper sulfate (Cu SO 4 (H 2 O) 5 ) with average crystal size 28.83nm (Fig. 13c) 
Discussion
The test of the toxicity in solid media could be valuable in the evaluation of metal diffusion, and availability of metals are different from those observed in liquid media (Hassen et al., 2001) . Metal tolerance studies are significant during bioremoval studies (Singh et al., 2013) . The tolerance of Y. lipolytica AUMC 9256 to Cu(II) (1900mg Cu(II)/l) was higher than that was reported by Garcia et al. (2002) (480mg Cu(II)/L) and lesser than that was found by Bankar et al. (2012) (2010mg Cu(II)/L). Zinjarde et al. (2014) attributed the tolerance and detoxification of metals by Y. lipolytica to (i) Flushing out through efflux system, (ii) Production of metal binding biomolecules such as melanin and cysteine-rich metallothioneins, (iii) Enhanced production of superoxide dismutase (SOD) and H + ATPase and (iv) Sequestration at the level of cell wall and plasma membrane. Dark color of colonies in the presence of Cu(II) is probably due to intensification of pigments on cell wall as a response to the stress applied by Cu(II). Similar results were reported by El-Sayed (2013) during the removal of lead(II) using Saccharomyces cerevisiae. MANAL TAWFEEK EL-SAYED To avoid the protective chelating effect of agar, it was very important to cultivate Y. lipolytica strain in a broth culture medium containing different concentrations of Cu(II). Although the yeast strain was able to tolerate high concentration of Cu(II) (1900mg/L) on solid media, in liquid media the tolerance was lesser (800mg/L). In this respect, Adamo et al. (2012) observed that on minimal broth medium, 0.5g/L CuSO 4 was sufficient to inhibit the growth of all tested yeast strains, whereas on rich YPD plates all of them tolerated up to 1g/L CuSO 4 . They concluded that the composition of the culture medium and the growth conditions affect Cu(II) sensitivity of yeast cells. A primary increase in the growth of Y. lipolytica in the presence of 100mg Cu(II)/L may be due to the fact that the low dose of Cu(II) triggered Arndt-Schultz effect, regarding to which toxic metals in non-lethal doses may induce instability in the cell membrane permeability that may cause more free flow of nutrients within the cell and hence the metabolic activities induced (Ahonen-Jonnarth et al., 2004) . On contrary, at high concentrations (750mg Cu(II)/L), the redox-active heavy metals such as Cu(II) and Co(II) enable redox reactions in the cell, for example, Cu(II)↔ Cu(I) +e - (Valko et al., 2005) . They are involved in the formation of OH
• from H 2 O 2 via Haber-Weiss and Fenton reactions and initiate non-specific lipid peroxidation and oxidize biomolecules of the cell (Sharma & Dietz, 2009 ).
An increase in Cu(II) concentration resulted in a decrease in biomass production and positively correlated with increased residual Cu(II) in the culture broth and led to a decline in R e %. Also, metal ions in the solution would not only be adsorbed to the surface of the biomass, but also enter the intracellular part through facilitating the concentration gradient of metal ions. Metal ions can also enter into the cell if the cell wall was disrupted. The results of this study are in the line with the observations of Nongmaithem et al. (2016) and Perez-Rama et al. (2002) . The release of Ca(II) and K(I) indicated that ion exchange may be the dominant mechanism in biosorption (Naja & Velosky, 2011). pH is a critical factor in biosorption of metal ions that influences electrostatic binding of ions to corresponding functional groups (El-Gendy et al., 2017) . At acidic pH 2, the sorption sites, whatever the type of the biomass, are surrounded by hydronium ions (H 3 O + ) and negative charge intensity was reduced. This suggests that the mechanism is related to covalent bonds and not to an electrostatic interaction in this pH value (Labuto et al., 2015) . As the pH increases, relatively more amounts of OH ions within the solution will present and more ligands, such as carboxyl, hydroxyl, amino and phosphoryl groups that carry more negative charges were exposed and may bind cationic metals (Mihaiescu et al., 2016) . The Cu(II) biosorption capacity of dried cells was higher than that of autoclaved and live ones. It seemed that heat treatment caused an increase in the accessibility of the metal ions to the metal-binding sites on the biomass (Ghorbani et al., 2008) . At a low initial solute (50mg Cu(II)/L), the ratio of the biosorbent surface to the metal ions was higher and therefore most of them reacted with the biosorbent and were 11 c d
removed (Bankar et al., 2012 ). An increase in the loading capacities of the biomass with increasing metal ion concentrations is probably due to that the initial metal ion concentrations may provide a driving force that increases adsorption process and more of metal ions may compete for the limited sites of the biomass surface (Nguema et al., 2014) . A decrease in the biosorption capacity with an increase in biomass dosage can be explained by "mass effect", meaning that aggregation of abundant biosorbents will cause an increment in the electrostatic interaction, an interference among binding sites and reduce the surface area available to Cu(II) ions (Nguema et al., 2014) . Additionally, at the high biosorbent dosage, the available solute was insufficient to completely cover the available exchangeable sites on the biosorbent, thus causing low solute uptake (Tangaromsuk et al., 2002) .
One of the strategies used by Y.lipolytica to tolerate the heavy metal toxicity is nanoparticle synthesis (Zinjarde et al., 2014) . The appearance of green-blue color after the addition of CuSO 4 to the colorless CFS suggested the reduction of Cu(II) and the formation of Cu NPs. Some organic functional groups of microbial cell walls were involved in the reduction of metal ions by dead biomass (Lin et al., 2001 ).
In order to give a better understanding on the adsorption mechanism of Y. lipolytica AUMC 9256 to Cu(II), TEM, FTIR, EDX and XRD were used to observe the ultrastructure changes, functional groups that were involved in bioremoval process, elemental transformation and crystalinity. Ultrathin sections of Cu(II)-loaded live cells exhibited dark electron opaque regions adsorbed tightly to the outer layers of the cell wall, within the cell wall layers and the cell interior indicating extracellular and intracellular sequestration of accumulated Cu(II). This may take place based on a variety of chemical binding means (chemisorption). Examples of chemisorption are metal complexation and chelation onto cell wall which seemed to be the first defense of Y. lipolytica against toxicity of high concentration of Cu(II) (avoidance mechanism) (Naja & Velosky, 2011) . Many electron-dense granules were localized within the periplasm where melanin was present to prevent Cu(II) from entering the cytosol (Ito et al., 2007) . The reason of cytoplasm shrank might be related with the lipid over oxidation of cell plasma membrane (Sun et al., 2015) . Needle-, rod-shaped precipitates were very clear within the central large vacuole. Van der Heggen et al. (2010) reported that Pb (II) is conjugated with glutathione in the cytoplasm of S. cerevisiae and the lead glutathione complex is transported to the vacuole. FTIR spectra cleared that dried biomass incurred the highest changes ( ∆ 149cm -1 ) during Cu(II) uptake. Degraded cells would offer a larger available surface area and expose the intercellular constituents and more surface binding sites due to the destruction of the cell membranes (Errasquim & Vazquez, 2003) . The results of this study disagreed with Labuto et al. (2015) who stated that heating (wet or dry) can cause a loss of secondary or tertiary structure of cell wall proteins and changes in functional groups' availability and exposure. EDX analysis revealed a sharp reduction of atomic % of phosphorus and potassium following Cu(II) uptake. The reduction of intracellular potassium, further illustrated that ion exchange was involved in the biosorption of Cu(II) to maintain ionic balance across the membrane (Isaac & Sivakumar, 2013) . The reduction of cellular polyphosphate content of Y. lipolytica might be due to the involvement of cellular polyphosphate in the formation of Cu(II)-phosphate complexes. These complexes are located near the cell surface and hence might be excluded from the medium with the help of some amino acids (Ito et al., 2007 ). An increase in atomic % of sulfur may be due to the formation of precipitates in the form of sulfate on the cell surface (Xia et al., 2015) . From EDX analysis, it can be concluded that ion exchange, intracellular and extracellular precipitation may be included in Cu(II) uptake by Y. lipolytica AUMC 9256. XRD is a unique non-destructive method used to distinguish between amorphous and crystalline materials and to quantify the perfect crystallinity of the sample. XRD spectra for Cu(II)-loaded biomass confirmed its crystalline nature The crystalline formation following a long period of metal accumulation could be due to the complexation of metal ions and metal precipitation in a crystalline state (Lopez et al. 2000) .
The passive biosorption uptake of metals by dried biomass appears as a powerful tool for somewhat selectively removing heavy metals ions from solution. Immobilization of dissolved toxic heavy metals and their physical removal by biosorption in a water purification process is not only technically convenient but it may prove to be economically quite attractive (Naja & Velosky, 2011) . According to the extraction percentage BIOREMEDIATION AND EXTRACELLULAR SYNTHESIS OF COPPER... of Cu(II) which ranged from 42.7 to 76.3, the results of this study provide good evidence for the potential applications of dried Y. lipolytica AUMC 9256 biosorbent for removal of Cu(II) ions from real water samples.
Conclusion
The Yarrowia lipolytica AUMC 9256 showed the ability to synthesize copper nanoparticles during the bioremediation of copper by living, autoclaved and dried biomass. Copper nanoparticles were all spherical in shape with different particle size depending on the type of biomass. The occurrence of extracellular complexation, precipitation, adsorption onto cell wall, and sequestration of needle-, rod-shaped precipitates within central large vacuole during were the dominant mechanisms during Cu(II) uptake. EDX analysis further illustrated that ion exchange was very important in the biosorption of Cu(II). FTIR spectra cleared that dried biomass incurred the highest changes (∆ 149 cm -1 ) during Cu(II) uptake. The results claimed that the dried biomass Y. lipolytica AUMC 9256 can be used with high efficiency as s biosorbent for removal of Cu(II) ions from real water samples.
